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RHIC — a High Luminosity (Polarized) Hadron Collider
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1 Operated modes (beam energies):
3.8/4.6/5.8/10/14/32/65/100 GeV/n
96.4 GeV/n

11/31/100 GeV/n
11/31/100/205/250/255 GeV

100 GeV/n

Achieved peak luminosities: s . | Cu—Au* 100 GeV/n

Au —Au (100 GeV/n) 195 x 10% cm?s - '_-’_:'ﬁ'}r & Planned or possible future modes:
pt—pl (255GeV) 245 x 10% cm?ss 5% | Au-Au  25GeVin

Other large hadron colliders (scaled to 255 GeV): [ S p1 - A* 100 GeV/n (A = Au, Cu, Al
Tevatron (p — pbar) 110 x 1030 cm=2 s -1 SHe —A* 100 GeV/n (A =Au, Cu, Al)

LHC (p - p) 493 x 1030 cm=2 s ! 2 p! —SHe!* 166 GeV/n (*asymmetric rigidity)




Integrated polarized proton luminosity L [pb!]
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eRHIC: QCD Facility at BNL

Add an electron accelerator to the existing $2.5B RHIC
including existing RHIC tunnel and cryo facility

‘T 70% polarized protons
‘ 25 - 250 (275%) GeV

80% polarized electrons: S :
Light ions (d, Si, Cu)

6.6 —21.2 GeV @ % . Heavy ions (Au, U)
10 - 100 (110*) GeV/u
Pol. light ions (He-3)

I 17 - 167 (184*) GeV/u
Center-of-mass energy range: 30 — 145 GeV
Any polarization direction in electron-hadron collisions

protons

- > > =
rerted

* It is possible to increase RHIC ring energy by 10%

electrons —> <
— e = > > > >
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Deep Inelastic Scattering (DIS) of
electron, muon and neutrino beams
on nucleons (fixed targets) has been a
vital scientific exploration tool for
several decades.

Experiments at SLAC (late 60s) led to
the quark-parton model of nucleons,
and ultimately to establishing QCD
theory.

Numerous DIS experiments in 70-80s
uncovered the momentum and spin
distribution of quark constituents of
proton and neutron

=

HERA (1991-2007): first electron-proton collider

Higher CME -> reach to the momentum

distribution of quark and gluons at very low

momentum fraction (x)
Selection of physics results:

> precise data on details of the proton

structure

> the discovery of very high density of sea
quarks and gluons present in the proton at

low-x

> detailed data on electro-weak electron-

quark interactions

> precision tests of QCD (o, measurements)




_ From HERA to future EICs—

Polarlzed e et (27.5 GeV)
Unpolarlzed protons (920 GeV)
Peak luminosity: 5-1031cm=2 s1

Future colliders

Much higher luminosity:
1033-1034 cm™>s™

Polarized protons and light ions
(in addition to polarized electrorfs

® ‘T 1@

Heavy ion beams

Different (and variable)
Center-of-Mass Energy
range




3jor physics objectives of eRHIC

In vacuum
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Inside the nucleus
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FFAG eRHIC Design

< Up to 21.2 GeV electron beam accelerated with Energy Recovery Linac (ERL) inside existing RHIC tunnel
collides with existing 250 GeV polarized protons and 100 GeV/n HI RHIC beams

< Single collision of each electron bunch allows for large disruption, giving high luminosity and full electron
polarization transparency

< Use 2 FFAG magnet strings in RHIC tunnel to transport up to 16 beams
<~ Considered permanent magnet design for FFAG lattice magnets

< Cool hadron beam 10-fold in all directions using coherent electron cooling (CeC) at reduced intensity of
hadron beam

<~ IR design with B*= 5 cm using SC magnet technology and crab-crossing scheme
<~ Average polarized electron current of 50 mA

FFAG Recirculating Electron Rings ERL Cryomodules

1.3-6.6 GeV

7.9-21.2 GeV
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eRHIC beam parameters and luminosities

e p 3He2+ 197Au79+
Energy, GeV 15.9 250 167 100
CM energy, GeV 122.5 81.7 63.2
Bunch frequency, MHz 9.4 9.4 9.4 9.4
Bunch intensity (nucleons), 10" 033 | C 03 ) 0.6 0.6
Bunch charae _nC 5.3 4= 5.4 9

Future luminosity upgrade

The proton beam intensity is only at ~15% of present level.

Open path to the moderate cost luminosity upgrade the future by increasing the

hadron beam intensity (by an order of magnitude) and related hadron ring

improvements:

copper coating of beam pipe, beam diagnostics upgrade, RF system upgrade

Luminosity above 1034 cm2s1 can be reached

Peak luminosity, 10°° cm™s™
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© T. Roser

| —

e + p Facilities

JLab \
EIC

JLab
MEIC

eRHIC (ultimate capability)

eRHIC (after improvements)

CERN
LHeC 1
EIC White Paper: Higgs fact. |
peak L, Vs range
eRHIC (base design)
full acceptance detector u
CERN
= . LHeC
HIAF CERN
EIC COMPASS
|
HERA fixed target HERA collider
HERMES
P L L L L L M| P
10 100 1000

Center-of-Mass Energy [GeV]

Factors defining eRHIC
luminosity:

Electron source current
Electron synchrotron
radiation

Hadron beam-beam limit
Hadron space charge limit
Detector energy asymmetry
requirements



Why FFAG eRHIC?

10.4 GeV

15.3 GeV

Until 2013 the high luminosity ERL-based eRHIC has been designed with 20.2 Gev
individual recirculation passes. 25.1 GeV
30.0 GeV

Main arguments for using FFAG for beam recirculation:

Construction cost saving: 2 FFAG beam lines instead of 13880 IRRY
numerous separate recirculation passes . Y .. N
Other view: Possibility to reach higher electron beam energy at o Y

the same cost.

Operation cost saving: potential of using permanent magnet technology for
FFAG beam lines.

Dejan Trbojevic
Campaining for NS-FFAG eRHIC approach for many
years.



Demonstrating feasibility of NS-FFAG lattice
design approach

+ Optimization of FFAG cell design to minimize synchrotron radiation,
orbit spread, path length spread, ...

- Development of the lattice solutions for detector bypasses, straight
sections, arc-to-straight matching sections, a technique for
extraction into the IR beamline from the FFAG beamline.

- Beam orbit measurements and corrections in the FFAG beam lines

Theoretical analysis methods and simulation tools have been
developed to resolve the listed tasks.
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NS-FFAG approach for eRHIC

* Non-Scaling Fixed Field Alternating Gradient (NS-FFAG) approach is used for
eRHIC recirculation passes. It can transport large energy range.

« eRHIC FFAG cell is comprised of two quadrupoles (F & D) whose magnetic axes
are shifted horizontally with respect to each other by an offset A .

14

It can be considered as strongly focusing, bent FODO cell

Small quadrupole offsets bend the beams adiabatically if bend radius is much larger than cell length

- Orbit and optics dependence on the energy can be accuratgly found in paraxial

approximation
L=2(l+1,+2d)

© V. Litvinenko

x(mm)
B=0.1932T, Bp=0.1932 T, G,=-49.515 T/m B=0.1932T,
G=49.51 =49,
=49.515 T/m ..[0.013,0.4215T] G=49.515 T/m
B,..,[-0.178,0.442 T]
5.02 kiiz R E—
|
7.5 4.61 —
. € £
© D.Trbojevic S S |Lq=1.09855 m
g 2 [Lgp=0.90805 m
o0 oo
o~ (o]
0.549275 m 0.90805 m 0.549275 m
0¢=3.699017 mrad 65=3.057567 mrad 6:=3.699017 mrag
PF=296.984m Pp=296.984 m Pr=296.984m

High energy FFAG cell

21.164 GeV
19.842 GeV
18.520 GeV
17.198 GeV
15.876 GeV
14.554 GeV
13.232 GeV
11.910 GeV
10.588 GeV
9.266 GeV
7.944 GeV
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FFAG Recirculation Passes

Cell parameters for both FFAGs

FFAG lattice was thoroughly

optimized on several factors: P 0288

> energy acceptance BD (Low) 0.908 3.058 9.986 -6.947

- orbit spread QF (Low) 1.099 3.699 -9.006 6.947

- time-of-flight spread BD (High) 0.908 3.058 49.515 -3.901
QF (High) 1.099 3.699 -49.515 3.901

synchrotron radiation power

© D.Trbojevic, S. Brooks

\ \
10m
0.3
icm

Zoas \ —Qx (High)
§ 0.2 k\ \\\ -#-Qy (High)
—+-Qx (Low)
0.15 ~— —=—Qy (Low)
N I
il
’ s 1°°§,?e,gy(mjv‘“’,°°° ooz Transition from arc section to straight section is done by

e
gradual reduction of quadrupole offsets

Cell Tt
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Synchrotron Radiation Effects

SR power loss per recirculation pass

pu |
A4.5 8 a
H
2 2 [ e~ ~——— Y
£ % vvvvvvvvvv
23 S6 ﬁ—‘*’%
§ 2.5 § 4
:% [ =18 mA = @=t=Top energy 21.2 GeV
E 2 Ie=50 mA B e g 3 1 -;-;.;.;.il-l.._-_.~ @=N=Top energy 15.9 GeV
§ 15 oy ’=:l
: E -
§ ' ! 4!'! :
05 0 I s-m~m=m=u’ : : : :
I I l 1l 0 10 15 20 25
5% %88 ¥ g5 EGB g SoEoE R Beam energy, GeV
Enerey (Vey) © S. Brooks, F. Meot, V. Ptitsyn, O. Tchoubar
Total SR power 12 MW:
operation at 15.9 GeV top energy -> 50 mA 0.6 T .
R ransverse emittance growt
operation at 21.2 GeV top energy -> 18 mA 05 £

Energy loss compensation schemes :

= 2nd harmonic (844 MHz) cavities;
or

= main linac RF phase offset + high
harmonic cavities

o
~

Norm. Emittance,
mm mrad
o o
N w

o
[N

o
o

(2}

L ]

L

10 15 20 25
Beam energy, GeV




Permanent Magne

\\
Y [mm] |
120.0 \

< FFAG lattice can be realized
with permanent magnets

< Expected construction and
operational cost savings

< Expected field quality < 102

© W. Meng

< SmCo: acceptable B,

Hybrid magnet -

100.0

.0

60.0

17

good temperature stability,
exceptional radation resistance

5.0
Y [em]
4.0

Different designs of 50 T/m permanent magnet
have been under consideration. 20
Including 1% dipole and quadrupole

. . 0.0}
correction coils.

-1.0

-2.0

© N. Tsoupas -

Halbach magnet *°

| 1 1 | 1 | 1

-7.0

|
1.0 20 30 40 50 60 7.0 8.0
X [cm]



Pass number

18

e-Beam Bunch Pattern
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The bunch pattern is defined by
the length of electron
circumference.

Presently one RF bucket shift
between the bunches.
Half-bucket shift at the top
energy pass.

~ 900 ns gap to eliminate ion
accumulation

For orbit measurements of
individual passes: bunches in the
gap are introduced.

Every 16 RHIC revolution
periods infect one bunch into the

gap.



Beam Spreader and

© N. Tsoupas
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Combiner

Placed on either side of the linac to
separate/combine the 16 beams
with different energies between
FFAG arcs and CW Linac

Match optical function from the arc
to the linac

Ensure isochronous one turn
transport:

path length and R, corrections
Betatron phase advance adjusters

300 T T T T T T

B Main

B Dinoles 2.5 m lone ~1.2 T for Hor.
Dinoles 3.0 mlong ~1.0 for Ver.

250

< 15 cm horizontal separation between individual lines

< Some of the lines are folded into the vertical plane to
reduce path length difference

< Vertical magnet chicanes are used for pathlength
correction

200
=150
100

50

19



Electron Polarization in eRHIC

h

90% longitudinally polarized e-beam from
DC gun with super-lattice GaAs-
photocathode with polarization sign reversal
by changing helicity of laser photons.

Only longitudinal polarization is needed in
the IPs.

eRHIC avoids lengthy spin rotator
insertions. Cost saving.

Integer number of 180-degrees spin
rotations between the gun and IPs

With the linac energy of 1.322 GeV the
polarization is longitudinal at both

experimental IPs

To achieve 80% polarization up to 21.2 GeV
harmonic cavities are used for the energy
spread reduction

ososde 33

electrons

énd rotates in arcs around

stays in horizontal plane

vertical direction

#0) =gy +a [ 1(6)do

@, )’do

—_—
——l

20

Polarized
e-gun
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Polarization, %
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\\\ ‘\\
\

~
-~
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-~

N\
without eﬂ'er.gy\sp?éad\
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- .
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- .

0
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Hadron-Electron Synchronization

Main synchronization condition:
the electron and hadron bunch repetition frequencies at the collision points have
to be the same:

foe = fon

The hadron bunch frequency (at the fixed circumference) depends on the hadron
energy

o
w
o

Hadron circumference lengthening

il

0.00 =
’ -*I 4 60 8 100 120 140 160 180 200 220 240 260

Presently solution:

o
N
o

g, M
o
=
o

[ —

» Hadron delay
Radial orbit offset in hadron ring:
Up to 16 cm path lengthening ability.

.}
[e]
¥

o c
)
S

mference lengthening,
. . S
—
o

o
w
o

S -0.40

> The RF harmonic switching method;
Used fo operate with the hadron 0k
energies <50 GeV/n o0

-0.50

Proton circu

Proton beam energy, GeV



B [m]

Energy Recovery Linac:
422 MHz SRF cavities
120 m cold length
no quadrupoles

150
100

50

S [m]

0 500 1000

SRF Linac

1500

© Y. Hao

The beta function in the linac for 16 passes.
The horizontal and vertical optics are identical.
The grid lines separates the optics of each pass.

29

Multipass beam-breakup thresholds
for 16 pass operation (simulation results)

Af/f (rms) Current Threshold (mA)
0 53
Se-4 95
le-3 137
3e-2 225
le-2 329
HOM frequency spread

Additional SRF systems:
» Energy loss compensation
(2" harmonic)

» Energy spread reduction
(3 or 5t harmonic)



instability
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Beam Dynamics

Beam-beam

e-beam disruption (emittance increase by ~30%)
Luminosity enhancement by e-beam pinching: 33%
Kink instability of hadron beam:

the feedback system (50-300 MHz) damps the

lon beam—-beam parameter

Hadron beam heating by electron parameter noise

Multi-pass BBU
Single bunch BBU

Electron-ion interactions

* Gap is introduced to prevent ion accumulation
« Fast ion instability simulations

Energy spread due to impedances:
~18 MeV

Compensation schemes are under

studies

Kink instability threshold

© Y. Hao
\ eRHIC parameter area
-— ]

0.005 Circulant matrix
NC A o method
S
0.001 \'Vv'sv;
5% 10~ Two particle
model
_4 h L L
U 1 10 100

Offsets / rms electron beam width

0.04

Electron disruption parameter

0.03 |

w0z L DpmM readings: High
energy FFAG ring

0.01

[¢]

-0.01

-0.02 -

-0.03

-0.04

wilhoutI gap

vinoep © G. Wang

e-ion
instability

0

1 1 1 1 1 | 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Time (ms)



zontal Displacement (mm)

Hori.

400 600

200

-400 -200

-600
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Interaction Region with §* =5 cm

-~ Forward =

O©OB. P arker detector

(

(¢-]

COmpor,ﬁnts [ll L " ‘

20000

Distance from IP (mm)

40000

ab-cavitie

Electron passage is
arranged between SC
coils of hadron magnet

10 mrad crossing angle with crab-
crossing

Large enough aperture IR SC
magnets for forward collision
products and with field-free
passage for electron beam

Recent IR design improvements on
the magnet design with electron
passage and integration of

detector components

90 degree lattice and beta-beat in
adjacent arcs (ATS) to reach * of
5 cm and provide effective
chromatic corrections
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eRHIC R

&D

pi b

* Prototyping of Gatling Gun polarized electron source
« Coherent electron Cooling PoP using 40 GeV/n Au beams in RHIC
« High average current ERL to support operation with high current e-beam
 Prototype eRHIC ERL with FFAG arcs (@ Cornell ?)
» Development of high gradient crab cavities within LARP
* Development of polarized He-3 (underway in collaboration with MIT)

bWR crab-cavity design (BNL)

Flag Helical Wigglers CeC PoP

¢ __FCT
L « N Fl& Flag Bunching
¥

Dump 3PW for FEL Low power Pepper  gcT

3PW for Phasing  phasing Beam Dump Pot
With Hadrons



50 mA polarized electron source R&D

Individual Solenoids BNL Gq"ing Gun:
S=ar the current from multiple
cathodes is merged

coils

Quadrupole

Individual short pipes N
coils

I. Ben-Zvi
V. Litvinenko
J. Skaritka

=Prototype with 20 potential cathodes has

been built

*Photo current from two cathodes during
first test at Stangenes Industries (CA)

*End of 2014: test with two cathodes in Stony

Brook
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Proof-of-principle CeC Experiment in RHIC P2

Accelerator
Secti Buncher
Beam Dump Helical Wiggler eetion Cavities

- ‘ w,” S .
Kicker Section i

© V.N. Litvinenko, I. Pinayev, G. Wang ... Modulator Section

N Coherent Electron Cooling:

@-A. Fedotov » Idea proposed by Y. Derbenev in 1980, novel

0 scheme with full evaluation developed by V.

N Litvinenko.
- » Fast cooling of high energy hadron beams is
E- necessary for eRHIC luminosity
= « Made possible by high brightness electron beams

// \ and FEL technology

0.5
N\
7

/ N Proof-of-principle demonstration planned with
© ; 5 - ; p 40 GeV/n Au beam in RHIC (2016)
) ) Sigma Aim : to demonstrate longitudinal cooling of 40 GeV/u

AU ion bunch in RHIC



Energy Recovery Linac Test Facility

ERL test facility at BNL.
E=20 MeV

Test of high current, high
brightness ERL operation

SC RF gun was tested at
2MV

The beam from the gun
expected by the end of 2014

Recirculation: 2015/16

4__
.—0—-.—0—.+3.

e 15-20 MeV ¥
Controls & .
Diagnostics Magnets, Qk
< T

vacuum

N
50 kW 700 MHz
transmitter u

28



Tentative schedule for eRHIC

Fiscal year 2012

RHIC

Optimal STAR HFT
PHENIX MPC-EX

STAR FMS and Preshower Upgrade

STAR Roman Pots Phase 2*

Low Energy RHIC Electron Cooling (LEReC)

LEReC Energy Upgrade
9 MHZ RF Upgrade

STARTPC

STAR Operation
PHENIX Operation

Decommission PHENIX

SPHENIX |
SPHENIX Engineering Run

Accelerator Technical Infrastructure Upgrade

eRHIC ‘

R&D/PED/Design (CDO-CD3)

2013

RHIC I/Il o

2014

perations

e

2015

p+A 200

p+p 200

2016 2017

Au+Au 200
62 GeV or p+p 500 GeV
CeC Proof of Principle

Possible HCAL

Projects/Construction (CD3-CD4)

2018 2019

Beam Energy Scan Pha

Vs=9.1,7.7 |Vs<20 GeV

2020

se 2

HIC Schedule

2021 2022 2023

RHIC with sPHENIX

I

Au+Au, p+p, p+A

Possible Forward Upgrade

Operations/physics

2024

2025

2026

29



Summary

* The present cost-effective design of ERL-based eRHIC relies on
FFAG lattice of recirculation passes and reaches high luminosity
(> 1033 cm™ s?1) up to 125 GeV CM energy and 145 GeV CM

energy for somewhat lower luminosity.

* Studies of design issues specific for the FFAG lattice approach
have not revealed showstoppers. Solutions have been found for
the optimal FFAG lattice, spreader/combiner, orbit measurement
and correction, ion gap formation ... .

* R&D is under way on high current polarized electron source
(Gatling Gun), strong hadron cooling (Coherent electron Cooling)
and high current ERL with key results coming in next two years.
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Luminosity versus Beam Energy

1.4
- g o Defined-by-£,=0.015
* Luminosity versus hadron beam 12 Y S
energy 51
B Defined b
« For 15.9 GeV electron energy or io-s A(els:f 0085
less 206
oo o
 Limited by hadron beam-beam £ 0.4 /
parameter above 100 GeV and 302 1
space charge below 100 GeV . P 4
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Proton energy, GeV
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 Limited by maximum SR power of
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BB

Crab-crossing

Idea Introduced by R. B. Palmer SLAC PUB Used at KEK B-factory
4832

25— _
Electron Bunch Positron Bunch 'g
c |
— S
210 j
g I

Y 24 6 8 112

Ibunch HER * Ibunch LER [mA2]
@ V. Litvinenko, 1. Ben-Zyvi,
S. Belomestnykh, Q. Wu
d th
v Fundamental +3 + 5™, QWR crab-cavity design (BNL*

fiong= 183 MHz, Vi, 4 =24 MV, V,;,=1.3 MV, V4, =0.09 MV
OR
Fundamental +2nd + 3rd
fiona= 244 MHz, V;,, 4 =22 MV, V, 4.4 MV, V,, =0.5 MV

v'Crab-cavity design on the basis of the quarter wave SRF cavities has been
developed

RHIC/AGS Users Meeting




